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Abstract 

Nickel ferrite nanocrystals were prepared from an aqueous solution containing metal nitrates and various 
concentrations of polyvinylpyrrolidone) followed by calcination temperature. X-ray diffraction (XRD) analysis was 
performed to determine the degree of crystallinity of the ferrite nanoparticles. By transmission electron microscopy, 
the morphology and average particle size of the nickel ferrite nanoparticles were evaluated which had good 
agreement with the XRD results. Fourier transform infrared spectroscopy suggested the presence of metal oxide 
bands in all samples as well as the effective elimination of organic constituents after calcinations. Measurements of 
the extent of magnetization of the nickel ferrite nanoparticles synthesized in different concentrations were obtained 
at room temperature using a vibrating sample magnetometer. 
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Background 

The last two decades have seen a significant growth in 
the study of nanomaterials such as ferrite nanoparticles. 
The interest in research related to metal spinel ferrite 
nanoparticles has increased significantly in recent years 
due to their potential applications in ferrofluids [1], 
magneto-optics [2], spintronics [3], biomedical applica¬ 
tions [4,5], and anodes for batteries [6], Moreover, they 
have attracted much attention because of their surface 
effect (large surface-to-volume ratio) and quantum con¬ 
finement effects (size-dependent properties). Various 
fabrication methods have been reported for preparing 
spinel ferrite nanocrystals for these purposes, e.g„ 
sol-gel methods [7], the ball-milling technique [8], 
co-precipitation [9], electrospinning method [10], the 
hydrothermal method [11], the reverse micelles 
process [12], and the micro-emulsion method [13]. 
To overcome the drawbacks associated with the 
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abovementioned methods, organic and inorganic capping 
agents are used to stabilize the particles and prevent them 
from agglomerating. The properties of ferrite nanoparticles 
can be altered by controlling their size, which can provide 
an advantage in formulating new composite materials with 
optimized properties for various applications. Thus, to 
control the growth of the spinel ferrite nanoparticles, or¬ 
ganic stabilizers (polymers), e.g., polyvinyl alcohol (PVA), 
polyethylene oxide, polymethacrylic acid, and poly 
(vinylpyrrolidone) (PVP), are added during the synthesis 
for capping the surface of the particles [14,15]. In our pre¬ 
vious work [16], a thermal-treatment method was used to 
prepare (NiFe 2 0 4 ) nanoparticles from an aqueous solution 
that contained metal nitrates, PVP, and deionized water 
by calcination at various temperatures from 623 to 
823 I< (see the 'Effect of calcination temperature on the 
crystallinity, phase composition, morphology, and mag¬ 
netic properties’ subsection). The preparation of the 
nanoparticles was followed by grinding and calcination. In 
order to avoid the natural tendency to form aggregates, 
nickel ferrite nanoparticles were normally prepared or dis¬ 
persed in PVP matrices. Currendy, understanding of the 
effect of capping nanoparticles is one of the most 
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important topics in this area of research. Thus, in this 
work, the fundamental question that we are attempting to 
address is how and to what extent the PVP capping agent 
improves the efficiency of nickel ferrite nanoparticles fab¬ 
ricated by the thermal treatment method. For answers to 
these questions, nickel ferrite nanocrystals were prepared 
from an aqueous solution containing metal nitrates and 
various concentrations of poly(vinylpyrrolidone) followed 
by calcination temperature. To stabilize the particles, they 
were thermally treated at 723 K as an optimum calcin¬ 
ation temperature. Prepared nickel ferrite nanoparticles 


were characterized by different techniques which con¬ 
firmed that 0.035 g/ml of PVP is optimal for the fabrica¬ 
tion of the nickel ferrite nanoparticles. Lower than this 
value, nanoparticles were agglomerated; higher than this 
value, nanoparticles had impurity. 

Methods 

Materials 

Metal nitrate reagents, PVP, and deionized water were 
used as precursors. In addition, a capping agent to control 
the agglomeration of the particles and a solvent were used. 



PVP removing Nucleation 

Figure 1 Proposed mechanism of interactions between PVP and metal ions in the formation of nickel ferrite nanoparticles. 
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Iron nitrate, Fe(N0 3 ) 3 -9H 2 0, and nickel nitrate, Ni(N0 3 ) 
2-6H 2 0, were purchased from Acros Organics (NJ, 
USA) with a purity exceeding 99%. PVP (MW « 
29,000) was purchased from Sigma-Aldrich (St. Louis, 
MO, USA) and was used without further purification. 

Methodology 

In the next set of experiments, we synthesized four sep¬ 
arate aqueous solution of PVP which were prepared by 
dissolving 0, 1.5, 3.5, and 5.5 g of polymer in 100 ml of 
deionized water at 363 I< before mixing 0.2 mmol of iron 
nitrate and 0.1 mmol of nickel nitrate (Fe/Ni = 2:1) into 
the polymer solution and constantly stirring for 2 h 
using a magnetic stirrer until a colorless, transparent so¬ 
lution was obtained. A glass electrode was used to deter¬ 
mine the pH of the solution, which ranged from 1 to 2. 
No precipitation of materials was observed before the 
heat treatment. The mixed solution was poured into a 
glass Petri dish and heated at 353 K in an oven for 24 h 
to evaporate the water. The dried, orange, solid nickel 
ferrite that remained was crushed and ground in a 
mortar to form powder. The calcination of the pow¬ 
ders was conducted at 723 I< for 3 h for the decom¬ 
position of organic compounds and the crystallization 
of the nanocrystals. 

Characterization 

The structure of the NiFe 2 0 4 nanoparticles was charac¬ 
terized by the X-ray diffraction (XRD) technique using a 
Shimadzu diffractometer model XRD 6000 (Nakagyo-ku, 
Kyoto, Japan) employing Cu I<a (0.154 nm) radiation to 
generate diffraction patterns from powder crystalline 
samples at ambient temperature in a 26 range of 10° to 


70°. The microstructure and particle size of the na¬ 
nocrystals were determined from transmission electron 
microscopy (TEM) images that were obtained using a 
JEOL 2010F UHR version electron microscope (Akishima, 
Tokyo, Japan) at an accelerating voltage of 200 kV. Fourier 
transform infrared (FT-IR) spectra were recorded using a 
PerkinElmer FT-IR model 1650 spectrometer (Waltham, 
MA, USA). Before recording the spectra, the samples were 
placed on a Universal ATR Sampling Accessory (diamond 
coated with Csl; Perkin Elmer) and pressed and then the 
spectra were recorded. Magnetization measurements were 
conducted using a vibrating sample magnetometer (VSM; 
Lake Shore 4700) at room temperature with maximum 
magnetic field of 15 kOe. 

Results and discussion 

Mechanism of formation 

Interactions between the PVP capping agent [17] and 
metal ions are shown schematically in Figure 1, which 
shows that the nickel(II) and iron(III) ions are bound by 
the strong ionic bonds between the metallic ions and the 
amide group in a polymeric chain. PVP acts as a sta¬ 
bilizer for dissolved metallic salts through steric and 
electrostatic stabilization of the amide groups of the 
pyrolidine rings and the methylene groups. Initially, the 
PVP stabilizer may decompose to a limited extent, there¬ 
by producing shorter polymer chains that are capped 
when they are adsorbed onto the surfaces of metallic 
ions [18]. The metallic ions, which are well dispersed in 
the cavities and networks, are created as a result of the 
shorter polymer chains. These mechanisms continue until 
they are terminated by the drying step. The influence of 
PVP is not restricted only to the solution and the drying 
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Table 1 Phase composition and average particle size (nm) of NiFe 2 0 4 nanoparticles 


NiFe 2 0 4 

nanoparticle 

Concentration 
of PVP (g/ml) 

Percentage of hematite 
phase (vol.%) 

Percentage of spinel 
phase (vol.%) 

Particle size 
by XRD (nm) 

Particle size 
by TEM (nm) 

1 

■as 

26.2 

73.8 



2 

0.015 

6.1 

93.9 

11 

9 

3 

0.035 

2.1 

97.9 

15 

a 

4 

0.055 

1.7 

98.3 

16 

12 


Various concentrations of PVP determined by XRD and TEM techniques and calcined at 723 K. 


step; PVP also affects the formation of the nuclei (i.e., 
nucleation) of the nickel ferrite nanoparticles in the cal¬ 
cination step. In this step, the small nanoparticles with 
high surface energy levels would become larger via the 
Ostwald ripening process [19] without the presence of 
PVP, which disrupts steric hindrance, thereby preventing 
their aggregation. Steric hindrance is a phenomenon that 
is attributed to large molecular weight (>10,000) and the 
repulsive forces acting among the polyvinyl groups 
[20,21]. These interactions are similar to the stabilization 
of metallic nanoparticles, i.e., silver and gold [22,23]. 

Effect of calcinations temperature on the crystallinity, 
phase composition, morphology and magnetic properties 

In this subsection, we briefly report the results of our 
previous work [16] that the authors investigated on the 
effect of calcination temperature on the crystallinity, 


phase composition, morphology, and magnetic proper¬ 
ties of nickel ferrite nanoparticles. When the precursor 
of nickel ferrite nanoparticles was calcined at 623, 673, 
723, and 823 K, the particle sizes of nickel ferrite na¬ 
noparticles increased to 7, 9, 12, and 47 nm, respectively, 
as confirmed by TEM and XRD analyses. A completed 
crystallization occurred at 723 and 823 K, as was con¬ 
ducted by the absence of organic absorption bands in 
the FT-IR spectrum. The magnetic studies showed 
that the saturation magnetization (M s ) of the nickel 
ferrite nanoparticles increased as the temperature in¬ 
creased while the coercivity field (H c ) increased, until 
they achieved a maximum value and then decreased. 
Optimum calcination temperature of nickel ferrite nano¬ 
particles occurred at 723 I< because this temperature was 
the minimum temperature at which the nanoparticles 
were pure; also, this was the temperature at which the 
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nanoparticles had the smallest particle size and a nearly 
uniform distribution of shapes. 

Effect of concentration of PVP on the crystallinity, phase 
composition, morphology and magnetic properties 

Figure 2 shows the XRD peaks of nickel ferrite nano¬ 
particles that were prepared with concentrations of PVP 
ranging from 0 to 0.055 g/ml and calcined at 723 K. It is 
important to note that, in thermal treatment method, 
the optimum temperature for the calcination of nickel 
ferrite nanoparticles was 723 K because this tempera¬ 
ture was the minimum temperature at which the nano¬ 
particles were pure; also, this was the temperature at 
which the nanoparticles had the smallest particle size 
and a nearly uniform distribution of shapes [16]. It is 
evident from Figure 2 that the patterns show the reflec¬ 
tion planes (111), (220), (311), (222), (400), (331), (422), 
(511), and (440), which confirm the presence of single¬ 
phase NiFe 2 0 4 with a face-centered cubic structure [24], 
Except for the impure phase of a-Fe 2 0 3 , which is found 
in all calcined samples and occurs naturally as hematite 
[25], the remaining peaks correspond to the standard 
pattern of NiFe 2 0 4 (cubic, a = 0.8339 nm, space group: 
Fd3m, Z = 8; ICDD PDF: 44-1485). 

Table 1 shows the percentages of hematite phase 
(a-Fe 2 0 3 ) and spinel phase (NiFe 2 0 4 ) of samples with 
various concentrations from 0 to 0.055 g/ml which were 
estimated by X'Pert HighScore software. The highest 
percentage of hematite phase (29.3 vol.%) and the lowest 
percentage of spinel phase (70.7 vol.%) occurred in the 
absence of PVP, but when the concentration of PVP in¬ 
creased from 0.015 to 0.055 g/ml, the percentage of 
hematite phase decreased from 5.1 to 1.9 vol.% while 
spinel phase increased from 94.9 to 98.1 vol.%. This con¬ 
firmed that the presence of PVP significantly improved 
the percentage of spinel phase or the degree of crystal¬ 
linity of these products. 

The average particle size was determined from the 
full-width at half maximum of the XRD patterns, using 
the well-known Scherer formula: 

D = 0.9X/jicosQ 

where D is the crystallite size (nm); /?, the full width of 
the diffraction line at half of the maximum intensity 
measured in radians; A, the X-ray wavelength of Cu I<a = 
0.154 nm; and 6, the Bragg angle [26]. The particle sizes 
estimated using the Scherer formula were found to in¬ 
crease with the concentration of PVP from 0.015 to 
0.055 g/ml as shown in Table 1. 

A comparison of XRD peaks shows that either the 
numbers or the intensities of the unwanted peaks of 
a-Fe 2 0 3 increase in the absence of PVP, but when PVP 
is present at concentrations of 0.015, 0.035, and 0.055 


g/ml, either some of the unwanted peaks of a-Fe 2 0 3 
were removed or some of their intensities were decrea¬ 
sed. This could be due to the fact that decreasing the 
concentration of PVP results in increases in the con¬ 
centrations of nickel and iron ions [27]. In fact, due to 
the absence of PVP, there is no interaction between ions 
and PVP chains, which resulted in increasing either the 
numbers or the intensities of the unwanted peaks of 
a-Fe 2 0 3 [28]. Therefore, one of the important roles of 
PVP in the synthesis of nickel ferrite nanoparticles by 
the thermal treatment method is the enhancement of 



Wave number (cm-i) 

Figure 4 FT-IR spectra of nickel ferrite nanoparticles. PVP 

concentrations of (a) 0 (b) 0.015 (c) 0.035, and (d) 0.055 g/ml 
calcined at 723 K. 
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Figure 5 Magnetization curves of nickel ferrite nanoparticles. Various concentrations of PVP from (a) 0, (b) 0.015, (c) 0.035, to (d) 0.055 g/ml 
at room temperature and calcined at 723 K. 


the degree of the crystallinity by decreasing or removing 
a-Fe 2 0 3 . 

These results are in good agreement with the work by 
Anuchit et al. using PVA as starting materials for sol-gel 
synthesis of CoFe 2 0 4 nanoparticles [29], Their results 
suggested that the addition of PVA improved the crystal¬ 
linity of CoFe 2 0 4 nanoparticles and, in its absence, the 
Fe 2 0 3 may be formed. 

To further investigate the role of PVP in the synthesis 
of nickel ferrite nanoparticles, we have shown the TEM 
images and the FT-IR spectra of nickel ferrite nanopar¬ 
ticles with various concentrations of 0, 0.015, 0.035, and 
0.055 g/ml (Figures 3 and 4). Figure 3a shows that nickel 
ferrite nanoparticles were formed even in the absence of 
PVP. However, in this case, it was observed that the na¬ 
noparticles did not have a uniform distribution of shapes, 
and they were aggregated extensively and, in some areas, 
completely disproportionately distributed. Thus, without 
the use of PVP in the synthesis of nanoparticles, the small 
nanoparticles aggregate and produce larger nanoparticles 
[21] due to high surface energy (as shown earlier in 
Figure 1). When the concentration of PVP was increased 
to 0.015 g/ml, the nickel ferrite nanoparticles that were 
formed with an average size of 9 nm became more regular 
in shape than in the case without PVP (Figure 3b). How¬ 
ever, due to the low concentration of PVP, these nano¬ 
particles also aggregated because there was insufficient 
PVP to cap them well and prevent their agglomeration. By 
increasing the PVP concentration to 0.055 g/ml, the nickel 
ferrite nanoparticles did not agglomerate, and they were 
nearly uniform in shape, as shown in Figure 3d. However, 
in this case, the nickel ferrite nanoparticles ranged in size 
from 9 to 21 nm, with an estimated average particle size 
of approximately 13 nm. These results were similar to the 


results achieved when a PVP concentration of 0.035 g/ml 
was used (shown in Figure 3c). 

Two main broad metal-oxygen bands are seen in 
Figure 4 in the IR spectra of all spinel ferrite nanopar¬ 
ticles, which correspond to intrinsic stretching vibrations 
of the metal at the tetrahedral site, M tetra O (observed 
from 526 to 592 cm -1 ) and octahedral metal stretching, 
Mocta <-► O (observed from 291 to 389 cnT 1 ) [30]. How¬ 
ever, due to the high concentration of PVP, traces of or¬ 
ganic materials were observed at 1,254 cnT 1 , which was 
attributed to the C-H bending vibration of methylene 
groups [31], as shown in Figure 4d. In fact, it is apparent 
that the nickel ferrite nanoparticles were contaminated 
with organic compounds in this case. However, in the 
absence of PVP and with the concentrations of less than 
0.055 g/ml, the fabricated nickel ferrite nanoparticles 
were pure as shown in Figure 4a,b,c. Therefore, in the 
thermal treatment method, the optimum concentration 
of PVP for the synthesis of nickel ferrite nanoparticles is 
0.035 g/ml. That concentration, in combination with the 
optimum temperature (723 I<), provided the conditions 
required to fabricate pure nickel ferrite nanoparticles 
that have the smallest particle size. 


Table 2 Magnetic properties of NiFe 2 0 4 nanoparticles 


NiFe 2 0 4 

nanoparticle 

Concentration 
of PVP (g/ml) 

M s (emu/g) 

H c (Oe) 

1 

0 

33.25 

208 (-194) 

2 

0.015 

73 87 

154 (-171) 

3 

0.035 

2137 

150 (-148) 

4 

0.055 

20.16 

28 (-27) 


Various concentrations of PVP determined by VSM technique at room 
temperature and calcined at 723 K. 
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Finally, we report the magnetization curves of nickel 
ferrite nanoparticles with various concentrations of PVP 
from 0, 0.015, 0.03, to 0.055 g/ml that were measured 
at room temperature in the range of approximately -15 
to +15 kOe, which exhibited typical magnetic behaviors 
(shown in Figure 5). It is evident in Table 2 that, when 
the concentrations of PVP increase from 0 to 0.055 g/ml, 
the saturation magnetization decreases from 32.45 to 
20.77 emu/g at room temperature. The decrease in satur¬ 
ation magnetization of all the samples compared to that of 
the bulk nickel ferrite (55 emu/g) [32] depends on differ¬ 
ent parameters. In the thermal treatment method, the 
heating rate of calcination is one of the most important 
parameters that can effectively increase or decrease the 
saturation magnetization. 

In this investigation, the heating rate of calcination 
was 10 K/min for nickel ferrite nanoparticles which was 
a relatively high heating rate. Therefore, it is possible 
that calcination at a slower heating rate would allow 
crystallization to be more complete and the magnetic 
phase could also increase, resulting in larger saturation 
magnetization [16]. 

The variation in the value of the saturation mag¬ 
netization with particle size may have resulted from the 
cation redistribution (interchanging of Ni and Fe ions of 
the tetrahedral and octahedral sites). This cation redistri¬ 
bution causes the structure of NiFe 2 0 4 to change from 
an inverse spinel to a mixed spinel [33]. Furthermore, 
the surface is likely to behave as an inactive and dead 
layer with inconsiderable magnetization [34]. 

By increasing the amount of PVP, the coercivity field 
increased from 28 to 190 Oe as listed in Table 2. This 
difference in magnetic behavior can be related to the 
phase difference in ferrite products [29]. Moreover, the 
variation in the value of the coercivity field with particle 
size can be explained on the basis of domain structure, 
critical size, and the anisotropy of the crystal [35]. 

Conclusion 

This work investigated a comprehensive research on the 
amazing effects and role of PVP in the synthesis of nic¬ 
kel ferrite nanoparticles by the thermal treatment me¬ 
thod. Briefly, as was discussed when we considered our 
XRD results, TEM images, FT-IR spectra, and VSM re¬ 
sults, PVP plays five crucial roles in synthesizing zinc 
ferrite nanoparticles, i.e., (1) the control of the growth of 
nanoparticles, (2) the prevention of agglomeration of 
nanoparticles, (3) the enhancement of the degree of the 
crystallinity of nanoparticles, (4) the production of nano¬ 
particles that have a uniform distribution of shapes, and 
(5) by increasing the amount of PVP, the saturation mag¬ 
netization decreased while the coercivity field increased. 
Optimum concentration of PVP (0.040 g/ml) was obtai¬ 
ned because of the fact that this concentration was the 


minimum concentration at which the nanoparticles were 
pure; also, this was the concentration at which the nano¬ 
particles had the smallest particle size and a nearly uni¬ 
form distribution of shapes. 
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